µDose is a novel compact analytical instrument for assessing low level 238 U, 235 U, 232 Th decay chains and 40 K radioactivity. The system is equipped with a dual α/β scintillator allowing to discriminate between α and β particles. The unique build-in pulse analyzer measures the amplitude of each individual pulse, its shape and the time interval between subsequent pulses. This allows the detection of pulse pairs arising from subsequent decays of 214 Bi/ 214 Po, 220 Rn/ 216 Po, 212 Bi/ 212 Po and 219 Rn/ 215 Po. The obtained α and β counts and four separate decay pair counts are used to asses the 238 U, 235 U, 232 Th and 40 K specific radioactivities in the measured samples through the use of radioactivity standards. The µDose system may be equipped with various photomultipliers and counting containers to assess radionuclide concentrations of samples of masses ranging between 0.4 g and 4 g. As a result, the user can customize the system to their needs and maximize the instrument's performance. The system is controlled by a 1 arXiv:1804.09714v1 [physics.ins-det] 25 Apr 2018 dedicated software with a graphical user interface and modules for system calibration, data visualization, specific radioactivity calculations and dose rate determination using the infinite matrix assumption.
Introduction
Thick source alpha counting (TSAC) has been developed 1 to provide a relatively easy and inexpensive way of assessing the low level content of alpha emitters in biological tissues. Later this technique was adapted to determining the uranium and thorium content in samples of fired ceramics for assessing the annual dose for luminescence dating. 2 In TSAC, the powdered sample is placed on a plastic sheet coated with a very thin layer of the scintillator ZnS:Ag attached to its surface. Alpha particles, emitted by U and Th series members, upon reaching the screen produce scintillations with practically 100% efficiency. In order to estimate the contribution from the U and Th series, additionally the so-called slow and sometimes fast pairs are counted. Such pairs are fast successions of counts due to the short lived 216 Po (t 1/2 = 0.145 s) in the 232 Th series and 215 Po (t 1/2 = 1.78 ms) in the 235 U series. Today TSAC technique is widely used [3] [4] [5] [6] [7] [8] [9] [10] for assessing the annual dose in trapped charge dating techniques (optically stimulated luminescence, thermoluminescence, electron spin resonance). However, there are some significant limitations in the conventional TSAC technique. For example, the activity of 40 K which is a major dose contributor to the dose rate in environmental samples, cannot be determined using this technique and an independent determination by different means is usually performed. [11] [12] [13] [14] Additionally, the 238 U decay chain may cause problem due to possible disequilibrium. [15] [16] [17] Another drawback is the influence of sample's reflectance on the TSAC efficiency which can cause up to 6% error in an apparatus setting proposed in ref
2.
In addition to the TSAC technique an alternative method of β counting was proposed.
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This is a much more rapid technique of annual dose rate determination, however it cannot assess the specific radioactivities of 238 U, 235 U, 232 Th decay chains or 40 K.
In the current work, we describe a novel system -µDose -that opens up new possibilities and removes limitations described in the previous paragraph. This is done through the employment of a dual α/β scintillator module, a new measurement setup, a new pulse analyzer unit, 20 and advanced data processing. The system allows detection of two additional β/α decay pairs in addition to the above mentioned α/α pairs. Po has a half-life of 164 µs. Therefore, four decay pairs can be used to assess the specific activity of thorium and uranium decay chains as well as potassium activity.
The µDose system is designed with emphasis on natural radioactivity measurement and the software is equipped with modules for dose rate measurement that is dedicated to trapped charge dating. With some modifications system may be adapted for other purposes as well.
In the following sections we provide a detailed description of the µDose system, its performance, decay chain activity measurement method and 40 K assessment.
Experimental Section
System construction µDose is a very compact system as it takes just over 20 cm × 20 cm of desk space. The entire electronics, including a stable high voltage power supply, a photomultiplier and a pulse analyzer are built into the system and no additional components except a PC (which can control several such systems) are required for system operation. In the µDose system, the sample is placed in a dedicated sample container which is placed below the photomultiplier ( Figure 1 ). The container is equipped with a dual reusable α and β scintillator module covered by a 0.2 µm replaceable silver foil. The silver foil is easily penetrated by β and the vast majority of α particles emitted by the sample. The silver layer increases the number of photons that reach the photomultiplier (PMT) and it also removes the measurement variability that arises from the sample's reflectance. The sample container is gas-tight to prevent radon migration from and into it. The sample itself has a geometry of a thin disk which matches the diameter of the photocathode. Depending on the expected sample mass, the system can accommodate PMT's which have photocathode diameter from 30 up to 70 mm. 
Electronics
The pulse analyzer has been described in detail before, 20 therefore here only a brief description is given. The α and β particles produce scintillations in two different scintillator layers. The generated pulse shapes are different for each of the two scintillators, permitting the identification of the source particle of each pulse. This shape is preserved by the PMT and amplifier where the scintillations are transformed into electrical pulses and significantly amplified. The pulse analyzer detects the incoming voltage pulses ( Figure 1 ) and stores them as series of ADC values that represent each pulse. These pulse data are time-stamped and stored for further processing. The acquired data are then transferred to the computer and processed by a dedicated algorithm that determines the pulse height, the pulse shape and the time when each pulse appeared. The pulse height and the pulse shape allow to discriminate between α and β induced pulses. In addition, the algorithm is also capable of identifying pulses that do not match neither α nor β particles 21 enabling the removal of background pulses arising from electrical noise or other interfering sources. The software also deconvolutes piled up pulses from decays that appeared within a small time interval (ca. 100 ns).
The electronics has a built-in high stability, low ripple, high voltage supply. This is controlled and monitored for system stability by the software. To protect the PMT, the high voltage is automatically switched off when the drawer with the sample container is opened.
α, β and decay pairs detection 
Here r are the net count rates of decay pairs indicated in subscripts, k are calibration parameters for the given system and the given decay pairs indicated in subscripts, and a are specific activities of decay pairs indicated in subscripts. Equations (1) 
Here r α and r β are the α and β net count rates. Equations (1) and (2) enable the calculation of the decay chain specific activities in the sample. These equations allow to extract the activity of pure β emitters. In (2), it is assumed that 40 K is the major contributor, which is true for most environmental samples. However, it needs to be borne in mind that in environmental samples also other pure β emitters can be found, e. 
where λ is decay constant of radioisotope indicated in subscript. Eq. (3) removes one degree of freedom and allows obtaining more precise results. In the natural environment, the ratio 238 U/ 235 U ratio can vary by up to ca. 5% . [29] [30] [31] [32] [33] This however is consistent enough to assume it as constant given the measurement accuracy and precision.
System calibration
The µDose system needs to be calibrated with reference materials of known radioactivities, as well as a background sample. In the current work we use IAEA-RGU-1, IAEA-RGTh-1, and IAEA-RGK-1 standards from the International Atomic Energy Agency. 34 The IAEA-RGU-1 and IAEA-RGTh-1 are produced using uranium and thorium ores that are mixed with floated silica powder. Decay chains present in those reference materials can be considered to be in secular equilibrium with parent radioactivity. The IAEA-RGK-1 reference material is produced using high purity (99.8%) potassium sulfate. The µDose software contains a dedicated module that allows the user to easily obtain calibration parameters (k in Eqs. 1 and 2). This is done by matching calibration measurements with known radioactivities from the built-in database.
Results and Discussion

Samples and sample preparation
To test the performance of µDose, activities of five samples were assessed using two additional systems, namely, an high-purity germanium (HPGe) γ spectrometer and a conventional TSAC system. For µDose and TSAC, the samples were powdered using an agate mill to avoid overcounting of α particles which may arise from inhomogeneous distribution of radioactive elements in natural samples. [35] [36] [37] After milling grain size distribution was verified using a laser diffractometer Mastersizer 3000 manufactured by Malvern Instruments Ltd. For all samples the median particle size was less than 7 µm. In both µDose and TSAC systems, we used ground up 1 g samples and 42 mm diameter scintillators. The measurement time was the same for the µDose and TSAC systems. TSAC measurements were performed using an in-house built system with pulse amplitude-time analyzer.
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Measurements
The system set-up and data were evaluated according to ref 2. µDose specific uranium, thorium and potassium radioactivities were obtained using equations (1-3).
The γ spectrometry measurements were performed using a low background, high resolution HPGe detector with a resolution at full width at half maximum of 1.8 keV and relative efficiency of 40% at the energy of 1332 keV. The same standards were used as above. The counting times are given in The results are summarised in Table 1 . 
System performance
As seen in Table 1 , there is a very good agreement between the values obtained using the µDose and gamma spectrometry. The thorium and potassium specific activities agree within 2 standard deviations and uranium for samples 4 and 5 within 3 standard deviations. In the investigated samples there was no indication of possible lack of secular equilibrium in the U and Th decay chains. The results obtained using TSAC are characterised by larger measurement errors for the same counting times, and as mentioned earlier information on the potassium content is unavailable.
When the activities are used to estimate the annual dose in trapped charge dating applications it has to be borne in mind that the values and errors returned by µDose are correlated. This fact is taken into account during the calculation of the annual dose and leads to lower errors than in case these values were independent. Such situation is encountered in high resolution gamma spectrometry. The calculations of annual dose will be discussed elsewhere.
Conclusion
The µDose system allows to detect α and β radiation with four different decay pairs arising 
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